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Abstract
Strongly correlated materials possess a complex energy landscape and host many
interesting physical phenomena, including charge density waves (CDWs). CDWs have
been observed and extensively studied in many materials since their first discovery in
1972. Yet, they present ample opportunities for discovery. Here, we report a large tun-
ability in the optical response of a quasi-2D CDW material, 1T-TaS2, upon incoherent
light illumination at room temperature. We show that the observed tunability is a
consequence of light-induced rearrangement of CDW stacking across the layers of 1T-
TaS2. Our model, based on this hypothesis, agrees reasonably well with experiments
suggesting that the interdomain CDW interaction is a vital knob to control the phase
of strongly correlated materials.
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Introduction
Light-matter interaction in strongly correlated materials is interesting because light can sig-
nificantly alter the free energy landscape of strong correlations resulting in many new physical
phenomena.1–3 Optical excitation can tip the balance between various competing forms of
order leading to photo-induced metal-to-insulator transitions,4–6 charge density waves,7–10
ferromagnetic/antiferromagnetic transitions,11,12 superconductivity,13 and others.14 Though
light-induced changes in the lattice, electrical, and magnetic properties have been extensively
studied before, optical properties remain much to be explored. In this work, we study the
tunable optical properties of a strongly correlated material, 1T-TaS2, which supports charge
density waves (CDWs) at room temperature.
Many chalcogenides and organic compounds support CDWs at low temperatures.15 How-
ever, 1T-TaS2, 1T-TaSe2, and a few other lanthanide tellurides support CDWs at room tem-
perature and are interesting for device applications.16–20 Among them, 1T-TaS2 is the only
material that exhibits nearly commensurate CDW (NCCDW) phase at room temperature
resulting in a large tunability in its electrical conductivity.
The tunability of electrical properties of 1T-TaS2 is extensively studied in the past. 1T-
TaS2 was shown to exhibit nonlinear electrical conductance at room temperature,21 and
hysteresis behavior of its electric resistance.22–24 Also, the CDW phase transition was demon-
strated to be sensitive to pressure,25,26 strain,27,28 thickness,29,30 gate voltage,31–33 and chem-
ical doping.34,35 However, the optical properties of 1T-TaS2 and its tunability remain unex-
plored. In this work, we study light-tunable optical properties of 1T-TaS2.
The charge order in 1T-TaS2 manifests as a lattice reorganization where 12 Ta atoms
surrounding a central Ta atom move slightly inwards forming a David-star structure (see
Fig. 1a). Groups of such David-stars called CDW domains exist in each layer of 1T-TaS2
at room temperature. The relative position or stacking arrangement of such CDW domains
across layers has been recently reported to impact the electronic bandstructure of 1T-TaS2
significantly.36–39 Depending on the stacking, the material can be insulating or metallic
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along its c-axis. Such drastic dependence of the electronic properties on the CDW stacking
configuration is unusual and forms the central theme of this work. Here, we observe a
substantial change in the dielectric function of 1T-TaS2 only in the c-axis upon incoherent
white light illumination. We attribute the observed changes in the dielectric function to the
stacking rearrangement of the CDW domains in 1T-TaS2.
Results and discussion
We obtained crystalline 1T-TaS2 thin film samples by mechanical exfoliation, as reported
in our previous work.40 The reflectance of a 180 nm thick film measured at three different
wavelengths using an objective of 0.85 numerical aperture is shown in Fig. 1b as a function of
illumination intensity. The 1T-TaS2 film exhibits an intensity-dependent reflectance even at
low illumination intensities of a few mW/cm2. For comparison, the peak intensity of 1.5AM
sun is approximately 100 mW/cm2.
Using a Fourier plane imaging spectrometer, we measure the reflection and transmission
spectra of the 1T-TaS2 film at incident angles ranging from 0 to 53◦. From this data, we
extract the anisotropic dielectric function of 1T-TaS2 in the visible (see SI). The in-plane
and out-of-plane (along c-axis) dielectric functions denoted by εo and εe respectively are
shown in Fig. 1c for low illumination. 1T-TaS2 is strongly anisotropic and highly absorbing
dielectric in the visible.
As we increase the incoherent illumination intensity up to 1000 mW/cm2, the in-plane
dielectric function remains the same (see SI), but the out-of-plane dielectric function changes.
The real and imaginary parts of the intensity-dependent εe are as shown in Fig. 1d and e.
The real component of out-of-plane epsilon (ε′e) increases by about 0.4 and the imaginary
component (ε′′e ) increases by about 0.5 as the incident incoherent light intensity increases
from 10 mW/cm2 to 1000 mW/cm2.
The observed light-induced change in c-axis dielectric function could be a result of many
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Figure 1: Optical properties of 1T-TaS2 illuminated by white light at room temperature: (a)
A schematic showing the CDW domains in two adjacent layers of 1T-TaS2. The David stars
in the bottom (gray), and top (colored) layers can stack in different configurations, including
center-to-center (red), center-to-shoulder (blue) and center-to-corner (yellow) stacking. The
stacking configuration can switch with incoherent light, as indicated by the arrows at the
center of the domain. (b) The reflectance of a 1T-TaS2 thin film measured at three different
wavelengths as a function of incident white light intensity. (c) Real (solid) and imaginary
(dashed) components of ordinary (εo) and extraordinary or c-axis (εe) permittivity of 1T-
TaS2 retrieved from low intensity optical measurements. Only εe shows white light tunability.
(d) Real and (e) imaginary components of εe at different intensities of white light.
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possible microscopic phenomena. The low intensity of the white light used in these exper-
iments rule out photothermal effects (see SI). Light-induced free carrier generation could
account for the observed change in optical constants only if the lifetime of these carriers
is about a millisecond. Such a large lifetime for free carriers is not physical. Additionally,
the dielectric constants changing only along c-axis suggests a mechanism that involves inter-
layer interaction. To further probe the underlying mechanism, we carry out time-resolved
measurements.
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Figure 2: Time-resolved measurements of reflectance of 1T-TaS2 under a square-wave mod-
ulated pump laser at 640 nm wavelength: (a) The change in reflectance (∆R) at 785 nm
wavelength recorded for multiple cycles. (b) A two-exponential function fit to the measured
∆R at each edge of a cycle is plotted. (c) The extracted relaxation time-constants at light-on
(hollow circles) and light-off (filled circles) edges as a function of pump intensity at 10 kHz
modulation. (d) The time-constants extracted for 1T-TaS2 on four different substrates with
different thermal conductivity at 250 kHz modulation.
At first, the change in optical properties of 1T-TaS2 with illumination was suspected
to arise from free carriers. Hence, a ps-pulsed laser was used to measure time-resolved
reflectance (see SI). We observed a µs response time and hence ruled out a free carrier mech-
anism for the change in optical constants. Then, we perform time-resolved measurements
with a few kHz to a few 100’s of kHz modulated laser incident on 1T-TaS2 thin films. The
measured change in reflectance of the 1T-TaS2 film at 785 nm wavelength is plotted against
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time in Fig. 2a. A square wave modulates the pump laser at 640 nm wavelength and the
pump light-on and light-off regions are shown in Fig. 2. The modulated reflectance signal
from the 1T-TaS2 film was repeatable for at least 600 s in ambient air.
The observed change in reflectance (∆R) could be fitted well with a sum of two exponen-
tial functions, as indicated in Fig. 2b. The two time-constants each for light-on and light-off
transients are plotted in Fig. 2c as a function of the peak pump intensity. The time-constants
are nearly independent on intensity and suggest that there must be at least two mechanisms
behind the observed ∆R. Since the smallest laser intensity in Fig. 2 is about an order of
magnitude more than that of white light in Fig. 1, photothermal effects could be expected as
one of the mechanisms contributing to the ∆R in Fig. 2. Many previous studies on 1T-TaS2
have used intense lasers and observed photothermal effects, including phase transition to
incommensurate CDW (ICCDW) state.41,42
Photothermal effects depend on the thermal conductivity of the substrate. Hence, mea-
suring time-constants for 1T-TaS2 on different substrates could elicit the photothermal effect.
Fig. 2d shows the time-constants measured on four different substrates: glass, glass with
an 80 nm silver layer, sapphire, and silicon. One of the two time-constants shrinks with
increasing thermal conductivity of the substrate for both light-on and light-off cases. We
attribute this time-constant to the photothermal phenomenon. The difference between the
photothermal time-constants for light-on and light-off cases could arise from the temperature-
dependent thermal conductivity of 1T-TaS2. Note that τ offth for sapphire and silicon sub-
strates are small and comparable to the other time-constant. Hence, its extraction was not
uniquely possible.
While the photothermal time-constant shows a strong substrate dependence, the other
does not. This other time-constant could be related to the CDW phenomenon because
CDWs in 1T-TaS2 typically exhibit a response time of 100’s of ns. This underlying CDW
phenomenon should be common to both measurements, under white light (Fig. 1) and laser
(Fig. 2), and account for the observed light-induced change in c-axis dielectric function.
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Since dielectric function changes only along the c-axis, light could be rearranging CDW
domains in the layers of 1T-TaS2 resulting in a change in CDW stacking across layers.
Recently, CDW stacking has been shown to strongly influence the band structure of 1T-
TaS2, especially in the Γ−A direction.36 Thus, we hypothesize that the change in the c-axis
dielectric function of 1T-TaS2 originates from the rearrangement of CDW stacking across
layers.
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Figure 3: The mechanism of light-induced CDW stacking rearrangement: (a) Schematic
showing two possible stacking configurations in two adjacent layers of 1T-TaS2. The gray
David stars make the bottom layer. Blue and red stars correspond to center-to-shoulder
and center-to-center stacking, respectively. Light absorption in a blue domain breaks the
formation and can eventually lead to the formation of a red domain. (b) Calculated interlayer
Coulomb energy per David-star vs. domain size for the two stacking types shown in (a).
(c) Measured reflectance change of 1T-TaS2 film at 700 nm wavelength as a function of
temperature. The inset corresponds to the typical CDW domains in NCCDW and ICCDW
phases.
The proposed mechanism of light-induced rearrangement of CDW stacking is depicted
in the schematic of Fig. 3a. At first, the absorption of a visible light photon breaks a CDW
domain. Subsequently, new domains with different stacking configurations appear. The
schematic identifies the most likely stacking configurations with and without light. In the
dark, the Coulomb repulsion between the CDW domains energetically favors the center-to-
shoulder stacking configuration. Upon illumination, some David stars stack on top of each
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other in the center-to-center configuration. The calculated interlayer Coulomb repulsion
energies for the two stacking configurations are shown in Fig. 3b as a function of domain
size (See SI for further details of calculations). At room temperature, a typical domain
contains a few tens of stars,43 and hence the energy difference between the two stacking
types is about 150 meV. As the temperature increases, the domain size shrinks and reduces
the energy difference between the two stacking configurations. Thus, increasing temperature
makes both stacking configurations more equally probable. Therefore, the tunability of
the c-axis dielectric function should diminish with increasing temperature and eventually
vanish in the ICCDW phase. Fig. 3c plots the temperature-dependent ∆R measured at
700 nm wavelength with a low intensity incoherent optical pump. The tunability drops with
increasing temperature and vanishes in the ICCDW phase as expected.
The proposed mechanism of CDW stacking rearrangement involves at least three steps:
setting electrons and phonons of a domain free by optical absorption, formation of a new
domain in center-to-center stacking configuration (stacking |1〉) and relaxation to ground
state or center-to-shoulder stacking configuration (stacking |0〉). The three processes together
could be modeled as a three-level system shown in Fig. 4a. The relaxation times for the
formation of a new domain in stacking configurations |0〉 and |1〉 are τ20 and τ21 respectively.
The relaxation time for a transition from stacking |1〉 to |0〉 is τ10. τ10 should correspond
to the light-off relaxation time from our time-resolved measurements (τel). τ20 and τ21 do
not involve any stacking change and hence should be much smaller than τ10. Previous works
report τ20 and τ21 in the order of 500 ps around 200 K, and show an increasing trend with
higher temperature.7,41 Therefore, we expect τ20 and τ21 to be a few nanoseconds at room
temperature.
Using the three-level model, the steady-state fractions of CDW domains in the two stack-
ing configurations could be computed as a function of illumination intensity. Fig. 4b plots
the fraction of CDW domains in stacking |1〉 (n1) as a function of incident light intensity.
Note that the equilibrium value of n1 is approximated to zero because the energy gap be-
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Figure 4: Tunability in c-axis dielectric function of 1T-TaS2 from CDW stacking rearrange-
ment: (a) A three-level system to model the light-induced CDW stacking rearrangement.
|0〉 and |1〉 correspond to the two stacking configurations. The excited state corresponds
to the free-electron energy band. R is the light-induced transition rate for either of the
stacking to the excited state. All τ correspond to the respective relaxation time-constants.
(b) Calculated population fraction in |1〉 stacking type as a function of excitation intensity
(R). Red dots correspond to intensity values used in experiments. Real (c) and imaginary
(d) components of the c-axis dielectric function for different excitation intensity. Theoretical
(solid) and experimental (dashed) curves are plotted in both panels.
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tween the two staking levels is more than 5kBT at room temperature (previous discussion
about Fig. 3b). From the rate equations, at steady-state, n1 = τ10τ21(1+Rτ10)
Rτ20τ21
Rτ20τ21+τ21+τ20
. In
the limit, τ10 >> τ21 and τ10 >> τ20, n1N ≈ Rτ102(1+Rτ10) for R << 1/τ21. We set τ21 = τ20 =3 ns
and τ10 =0.38 µs. For the intensities used in this work, R << 1/τ21 and thus the maximum
value of n1 is close to 50%. Also, n1 as a function of R is determined by only one parameter,
τ10. Since, our time-resolved experiments measured τ10, we expect the prediction of Fig. 4b
to be quantitative.
The electronic bandstructure of 1T-TaS2 along Γ−A has been predicted to depend on the
CDW stacking order.36 Hence, we associate each stacking configuration to a unique dielec-
tric function along the c-axis. We calculate the c-axis dielectric function for any intensity of
incident light by using the population fraction information from Fig. 4b in Maxwell-Garnet
effective medium equation.44 The lowest intensity of incoherent light used in Fig. 1 corre-
sponds to n1 ≈1% and hence may be considered as the c-axis dielectric function of ground
state stacking. Since this ground state εe is a two-Lorentzian curve, we expect the εe corre-
sponding to stacking |1〉 is also a two-Lorentzian curve. The parameters of the two Lorentzian
oscillators corresponding to stacking |1〉 are obtained by fitting the effective permittivity from
the Maxwell-Garnett equation to the measured dielectric function for the highest intensity,
1000 mW/cm2. The value of n1 for this intensity is taken from Fig. 4b. The εe correspond-
ing to the intermediate three intensities are calculated from the Maxwell-Garnett equation
incorporating appropriate values of n1 shown in Fig. 4b. The experimental and calculated
c-axis dielectric functions for various light intensities are plotted in Fig. 4c, and Fig. 4c. The
effective medium calculations agree well with experiments providing quantitative evidence
for our hypothesis of light-induced CDW stacking rearrangement in 1T-TaS2.
In conclusion, we discovered a new optical phenomenon in 1T-TaS2. Our work showed
that low-intensity white light illumination could change the c-axis permittivity of 1T-TaS2 by
unity-order. Time-resolved measurements showed that the speed of change is a few MHz. We
hypothesized that the stacking of CDW domains across layers could rearrange with illumi-
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nation and thereby lead to a change in c-axis optical constants. Our modeling results agreed
well with experimental measurements upholding our hypothesis. This discovery proves that
the electronic bandstructure depends on the CDW stacking order, and the stacking order
may be controlled by light. Our work shows that stacking order is a new dimension in the
phase diagram of strongly correlated materials and enriches opportunities for discovery. This
work could lead to further development of low-power and fast-tunable optical materials and
potentially revolutionize future imaging, display, and sensing applications.
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